Whether telecommuting and personal travel are complements or substitutes is a key question in urban policy analysis. Using survey responses on telecommuting, previous empirical studies relied on small regional samples and concluded that telecommuting is more likely to function as a substitute for commute travel. These studies also agreed that the substitution effect was small.
Introduction
The discussion of whether information and communications technology (ICT) and travel are complements or substitutes has been popular among urban planners and policy makers for some years. The futurist claims generally regard ICT as a substitute for conventional travel as it reduces the desire for face-to-face interaction. Building on Melvin M. Webber's ideas in his series of essays in the 1960s in which he suggested the demise of the traditional city, these futurists generally forecasted the end of traditional cities as improvements in telecommunications eliminates the need for face-to-face interactions, leading to a "placeless society" in which "distance ceases to exist" (e.g., Alvin Toffler 1981; John Naisbitt 1984; Anthony Pascal 1987; Roger Naisbitt 1995; Nicholas Negroponte 1995; William Knoke 1996; and Frances Cairncross 1997) .
There is another view that proposes ICT as a complement to travel. Salomon (1986 ), Niles (1994 , Mitchell (2000) , and Graham and Marvin (2000) were among the writers to maintain that easier accessibility to IT-based communications will expand the "perceptual space" of individuals and organizations, which in turn generates more physical travel. For example, the visual experience of Paris through television or via the internet could make Paris a more interesting place to visit. The more ICT exposes us to, the greater desire may be to travel to those places for face-to-face interactions (e.g., meeting with clients, friends) or for recreation. Graham and Marvin (2000) asserted that despite some degree of substitutability, the complementarity effect between electronic accessibility and physical travel is dominant. Salomon (1986) and Niles (1994) argued that improvements in ICT may further disperse residential locations which will overall increase vehicle-miles traveled (VMT) as people decide to make additional car trips which will dominate any substitutions for such trips. Similarly, Janelle (1986) argued that telecommuters may move further away from their jobs to cheaper and higher-amenity residential locations and, therefore, incur longer (though less frequent) commutes.
It would be ideal to directly analyze the impact of various ICT usages on people's travel patterns. However, ICT is a phenomenon that is hard to measure for empirical analysis. Previous empirical research tended to address this question by analyzing a specialized part of ICT usage-telecommuting. After all, new ICT-based economic activity transformations have boosted the emergence of not just more flexible ("footloose") firms (decentralized locations) but also more flexible workers (telecommuters). Representing a particularly specialized use of ICT, telecommuting is an interesting and relevant modern phenomenon. In recent years, various urban policies have been considered in many large cities/MSAs to address the ever-increasing travel demands and remedy the various travel-related problems such as air quality and traffic congestion. These urban policies (or more specifically, travel demand management programs) include subsidizing transit riding, implementing transit-oriented development, encouraging carpooling, and promoting telecommuting. In terms of telecommuting, many federal, state and county government agencies as well as various private firms have been encouraging their employees to do so, in order to reduce traffic congestion and improve air quality through reduced employee commute trips, as well as to make optimal use of office facilities and equipment while improve overall productivity. In states like California, both state government and county governments already have active telecommuting promotion programs in place 1 . However, whether telecommuting has successfully generated incentives for people to reduce their travel
demand remains an open question. Several empirical studies have found that telecommuting has a small substitution effect on commute travel and thus argued that policies promote 1 See "Telecommute incentive plan offered in California" at http://www.accessmylibrary.com/article-1G1-18076748/telecommute-incentive-plan-offered.html. Also see "The San Bernardino County Government Telecommuting Program" at http://www.sbcounty.gov/commuterservices/PDF/Telecommute_Policy.pdf.
telecommuting might be promising in this regard. But most empirical studies relied on small samples and only focused on commute travel. Has telecommuting caught on? Has it been a successful planning practice or policy to reduce people's daily travel, which includes both work trips and non-work trips?
The purpose of this study is to provide some new evidence relating to this discussion by empirically investigating the impact of telecommuting on people's travel patterns, using data from the 2001 and 2009 National Household Travel Surveys (NHTS). These are two large national surveys that are spaced over the years that include significant changes in internet availability. In exploring the possible impacts on travel patterns, this study decomposes travel into commute trips, total work trips and various non-work trips. Three specific questions are addressed:
(1) What is the impact of telecommuting on workers' one-way commute trips?
(2) What is the impact of telecommuting on workers' daily total work trips?
(3) What is the impact of telecommuting on workers' daily non-work trips?
In each case, I am interested in any changes between the two survey years. A key issue associated with question (1) is the possibility of endogeneity bias derived from the simultaneous choice of telecommuting and commute distance (or duration)-a worker might choose to commute longer in response to the possibility of telecommuting; or the other way around, longer commute might also motivate the choice to telecommute. Similar to many other empirical studies in which natural experiments 2 are infeasible, this paper applies an instrumental variables approach to address the endogeneity problem and investigate the causal effect of telecommuting on commute distance/duration. This paper is organized as follows: Section 2 includes a literature review of the impact of telecommuting on travel. Section 3 analyzes the changes in travel patterns from 2001 to 2009 and briefly describes the differences between telecommuters and non-telecommuters in terms of their one-way commute trips, daily total work trips and daily non-work trips. Section 4 discusses the methodology used to test for the above three questions. Section 5 describes the NHTS data and Section 6 summarizes the model results, followed by a discussion of findings in Section 7.
Literature Review
As a significant part of daily travel as well as an influential factor in residential location decisions, commute trips have been widely studied. Of special interest are comparisons between telecommuters and non-telecommuters. Using various datasets and different methodologies, previous empirical studies have generally agreed that telecommuting is more likely to function as a substitute for commute trips. Some researchers (e.g., Mokhtarian et al. 1995; Gareis 2003; Mokhtarian et al. 2004; Mokhtarian 2005, 2006; Jiang 2008) have supported the idea that telecommuters live farther from their jobs than non-telecommuters, but the substitution effect of telecommuting prevails because the longer commute distance of telecommuters is offset by the lower frequency and higher speed of these trips.
For example, using data from a survey of 218 California employees (from six state government agencies) over the ten-year period from 1988 to 1998, Mokhtarian et al. (2004) compared, on a quarterly basis, the total commute person-miles traveled by telecommuters and non-telecommuters. They found that one-way commute distances were longer for telecommuters than for non-telecommuters. However, the average quarterly per capita commute person-miles traveled by telecommuters (which consider telecommuting frequency) were generally lower than that traveled by non-telecommuters. These two findings together indicated that telecommuters commute infrequently enough to compensate for their longer one-way commutes.
Using the same data on telecommuting and residential and job location changes for the 218
California State government agency employees, Ory and Mokhtarian (2005) supported the findings of Mokhtarian et al. (2004) and focused on the relationships between telecommuting and commute time, distance, and speed. They found that telecommuters have longer commute distances than non-telecommuters, and telecommuters consistently traveled faster than non-telecommuters. As a result of traveling at higher speeds and commuting less frequently, telecommuters on average commute for fewer daily person-miles and person-minutes.
In terms of the size of the travel impact of telecommuting, researchers generally found that this effect is rather small. These studies argued that although telecommuters travel less than non-telecommuters, the overall effect of telecommuting is less significant than we might expect (Hamer et al. 1991; Mokhtarian et al. 1995) . For example, based on eight telecommuting pilot programs with a total sample of 382 telecommuters, Mokhtarian et al. (1995) found that commute travel (measured in person-miles) slightly decreased as a result of telecommuting.
They also found that noncommute travel decreased slightly as a result of telecommuting as well 3 , and as a result, total travel savings are moderately higher than commute savings alone. In assessing the potential for telecommuting to reduce vehicle-miles travelled (VMT) or total personal-miles, Salomon (1986) , Mokhtarian et al. (1995) , Handy and Mokhtarian (1995) consistently found that the overall effect of telecommuting is no more than one percent of total household VMT. Similarly, Mokhtarian (1998) used a multiplicative model to forecast the demand for telecommuting and the resulting travel impacts. Her base case used in the forecast suggested that "6.1 percent of the workforce may be currently telecommuting, with 1. Most of these studies, however, were based on a relatively small regional sample. Although the surveys were well-designed, such small samples have their limits. Mokhtarian et al. (1995) cautioned that, "……early, short-term findings from small programs with participants unrepresentative of the population as a whole may change considerably as telecommuting moves into the mainstream" (p. 283). With the 2009 National Household Travel Surveys (NHTS) just recently released, it is now possible to not just conduct a national study but also to contrast with the comparable 2001 NHTS data to identify any temporal changes.
It is also the case that few of the previous studies looked at the impact of telecommuting on non-work trips, with the exception of Mokhtarian et al. (1995) which, based on a total of 382 telecommuters, found a negative or insignificant impact on non-work trips. Any increases in non-work trips due to telecommuting would at least partially offset the substitution effect found in previous research. This research addresses non-work travel in addition to commute trips.
A Preview: Changes in Travel Patterns from 2001 to 2009

Definitions
For both 2001 and 2009, this study defines telecommuters as those workers who report telecommuting (work at home instead of going to usual workplace) at least once a week 4 .
Respondents who only work at home (home-based businesses, for example) are not considered as telecommuters. The infrequent telecommuters and those never telecommuting are all classified as non-telecommuters, because I do not expect that infrequent telecommuting (e.g.
once a month) would have any sizeable effect on the respondent's residential location choice and thus on his/her commute trips or non-work trips. Thus, non-telecommuters refer to workers who do not telecommute frequently. Non-workers refer to the non-working adults in the household.
All telecommuters, non-telecommuters and non-workers can report non-work trips, but only telecommuters and non-telecommuters have commuting trips.
To differentiate this paper from previous research, I decompose travel into work trips and non-work trips. For work trips, I focus on commute trips, because commute trips are the largest and most routine portion of most people's daily work trip. Total daily work trips, which include all daily "to/from work" trips and "work related business" trips, are also discussed. For non-work trips, I decompose them into the types that the NHTS specifies: shopping trips, other family/personal business trips, school/church trips, medical/dental trips, visit friends/relatives trips, and other social/recreational trips.
Changes in Travel Patterns
The main purpose of this paper concerns the differences in travel patterns between telecommuters and non-telecommuters. In order to investigate these differences, a table summarizing the trip data from 2001 and 2009 NHTS is first examined. Table 1 provides summaries for personal one-way commute trips, daily total work trips and total non-work trips, grouped by telecommuting status and work status. 4 The NHTS survey questions on telecommuting were only slightly different between 2001 and 2009. And in both surveys, respondents who only work at home (e.g. home-based businesses) are skipped in the questions on telecommuting as well as the questions on one-way commute distance and duration. Therefore, my sample only includes those workers who have a workplace away from home.
[ Table 1 about here]
One obvious temporal change can be observed in this Table- Interestingly, the temporal comparisons of the one-way commute trips, the mean one-day total work trips and total non-work trips between 2001 and 2009 show that the daily total travel distance and duration (which is the sum of the daily total work trips and total non-work trips) remained remarkably stable over this period, for both telecommuters and non-telecommuters.
This provides evidence in support of the fixed travel budget hypothesis of Zahavi (1979 Zahavi ( , 1980a Zahavi ( , 1980b , in which he argued that there is a "travel time budget" which limits people's commute time, activity time and the subsequently induced non-work travel time, and that this travel-time budget is somewhat constant over time. 
Research Methodology
In order to fully understand travel patterns in light of the impact of a telecommuting status, I compare the one-way commute distance and duration between telecommuters and non-telecommuters. I also investigate their daily total work trips and various non-work trips.
Model specification and variables
To better understand the factors affecting people's travel behavior, I start with the concept of travel demand. Travel demand is generally associated with the activity patterns of individuals or households. In this context, travel demand can be understood from the perspective of activity-based approaches. Activity-based approaches "study travel in the context of daily household activity patterns, as a link in the process of fulfilling travel demands through the formation of daily sets, or chains, of activities" (Fox 1995, p.105 The choice of commute mode is also endogenous to the commute distance/duration.
Arguably mode is more problematic than telecommuting in this respect: given the conventional hierarchy that residential location is a long-term decision while auto ownership and mode choice are medium-and short-term decisions, one might expect mode choice to be a consequence of commute distance, not a cause of it. For example, people (for the most part) don't commute shorter distances because they walk; rather they walk to work if their commute distance is short enough. Duration is a little bit trickier, in that it is partly a consequence of mode choice (given distance), but it could still affect the mode choice. If not carefully instrumented for, the endogenous commute mode variables in the model would bias the coefficient estimates.
Realizing that workers using public transit or other modes (walking, bicycling) to commute only accounted for a small percentage of the full sample of workers in both 2001 and 2009 6 , I restrict the final sample in this section to be workers commuting by personal vehicles only.
Studying the impact of telecommuting on workers' daily total work trips
The previous arguments in the academic literature on "telecommuting substitutes for conventional travel" were based on the fact that telecommuters do not have to commute on days they work at home. Therefore, an ideal way to accurately measure the impact of telecommuting on commute trips would be comparing the weekly or monthly total commute distance and duration between telecommuters and non-telecommuters. However, due to the limitations of NHTS surveys, accurate data were not available on the number of days a respondent telecommutes and the number of days he/she goes to workplace on a weekly or monthly base for both 2001 and 2009 NHTS 7 , and thus the tests in Section 4.2 focus on one-way commute distance and duration only.
While I believe previous tests on workers' one-way commute distance and duration illuminate, to some extent, the impact of telecommuting on travel patterns, both 2001 and 2009
NHTS also collected day-trip diaries from a subset of respondents which recorded all the details of their one-day trips. This makes it possible to compare the one-day total work trips and total non-work trips between telecommuters and non-telecommuters. My hypothesis is that 6 In 2001, 92.4% workers commuted by personal vehicles, 4.0% commuted by public transit, 3.7% commuted using other mode. In 2009, 94.0% workers commuted by personal vehicles, 2.5% commuted by public transit, 3.5% commuted using other mode. 7 Although 2001 NHTS did not have data on the detailed monthly frequency of telecommuting, 2009 NHTS did ask "How many times in the last month did you work only at home for an entire work day instead of traveling to your usual workplace?" The answers to this question show that 3% telecommuters telecommuted over 5 times a week (more than 20 times a month). Using five workdays per week as the default number for all workers and truncating those who telecommuted over 20 days in a month to 20 days (on the argument that weekday travel is what we are interested in from a congestion-reduction standpoint), a simple simulation shows that the average monthly commute (round-trip commute distance multiplied by days of commute within the month) of telecommuters is insignificantly different from that of non-telecommuters in 2009. But in terms of methodology, this simple simulation of monthly total commute is less rigorous than the tests I conducted on the one-way commute trips.
telecommuters may have more other work-related trips and/or non-work trips on days they work at home and thus telecommuting still has a positive impact on daily total work trips and non-work trips.
This section focuses on the one-day total work trips and tries to test how the status of telecommuting affects workers' one-day total work trips. I use the NHTS day-trip dataset to calculate the trip day total work trip distance, duration and frequency for each worker in the sample. Since one-day total work trips are the sum of all "to/from work" trips and "work-related business" trips, the endogeneity problem associated with the telecommuting variable is less in this case 8 . Therefore, I simply estimate multivariate OLS regressions 9 to study the impacts of telecommuting on the distance, duration and frequency of daily total work trips 10 . The multivariate regression models can be expressed via the following equation:
Vector of daily total work trip distance, duration and frequency (log) = f (vector of demographic and socioeconomic characteristics, vector of locational attributes, vector of transportation factors, weekend dummy, telecommuting dummy)
I use the same set of control variables as in the previous models to account for the individual and household socioeconomic characteristics, household locational attributes and transportation factors. In addition, I add a dummy variable to indicate whether the trip day is a weekend. The telecommuting variable is a dummy variable indicating whether the worker is a telecommuter.
Studying the impact of telecommuting on workers' daily non-work trips
Another important part of this study is an analysis of the impacts of telecommuting on 8 For the daily total work trip models in both 2001 and 2009, Durbin-Wu-Hausman chi-sq test and the "difference-in-Sargan" or C test failed to reject the null hypothesis that the specified endogenous regressor (telecommuting) can be treated as exogenous. 9 Following the naming convention, multiple regression refers to regression models with a single dependent variable and two or more predictor variables. By contrast, multivariate regression has multiple dependent variables, and any number of predictors. The advantage of multivariate regression lies in the increase in efficiency gained by allowing the error terms of the multiple equations to be correlated.
workers' non-work trips. I use the NHTS day-trip dataset to calculate the trip day total trip distance, total trip duration, and total trip frequency of each non-work trip category for each worker in the sample. Since non-work trip distance, duration and frequency will not directly affect workers' likelihood to telecommute, there is arguably no endogeneity problem associated with the telecommuting variable in this case. Therefore, similar multivariate OLS regression models to those in section 4.3 are used to study the impacts of telecommuting on the distance, duration and frequency of each type of non-work trips as well as daily total non-work trips. They can be expressed via the following equation:
Vector of non-work trip distance, duration and frequency (log) = f (vector of demographic and socioeconomic characteristics, vector of locational attributes, vector of transportation factors, weekend dummy, telecommuting dummy)
I use the same set of control variables as in the previous models and a "weekend" dummy variable is also added. The telecommuting variable used is a dummy variable indicating whether the worker is a telecommuter. To avoid the endogeneity problem associated with transportation mode choice (similar to the discussion in 4.2), the final sample in both 4.3 and 4.4 are also restricted to workers who only use personal vehicles for their work trips and non-work trips.
Data and Descriptive Statistics
The primary data are made to explore the impacts of telecommuting over time. After all, the impact of telecommuting on travel patterns is not just a case of cross-sectional variability but also an inter-temporal one. With a detailed inter-temporal comparison, a more accurate and detailed assessment of these impacts can be identified.
In 2001, of all respondents who answered the question of whether they worked from home instead of traveling to their usual workplace on any day in the past two months, 91.7 percent of respondents said they did not telecommute in the past two months, 3.7 percent of respondents telecommuted infrequently (less than once a week), 4.6 percent of respondents telecommuted frequently (at least once a week). In 2009, of all respondents who answered the question of whether they had the option of working at home instead of going into their workplace, 85.9
percent of respondents said they did not have the option to telecommute, 5.3 percent of respondents had the option but did not telecommute in the last month, 4.2 percent of respondents reported they telecommuted infrequently (at least once but less than four times in the last month), 4.6 percent of respondents telecommuted frequently (four times or more in the last month). So, This research decomposes personal travel patterns into commute trips, daily total work trips and daily non-work trips. Commute trips are measured in terms of one-way commute distance and duration. Daily total work trips are measured in one-day total work trip distance, duration and frequency for each worker in his/her trip day. Daily non-work trips are measured in total one-day trip distance, duration and frequency by trip type for each worker in his/her trip 11 The slight increase in the percent of telecommuters may be partly due to an increase in information technology availability, and may be partly due to a disproportionate decrease in employment among non-telecommuters during the 2008-2009 economic recession (i.e. construction workers and others hard-hit by the recession are less likely to be candidates for telecommuting). day 12 . Table 2 provides summaries for workers' commute trips and daily non-work trips 13 , grouped by place of residence.
[ Table 2 others than urbanites, the average frequencies of several types of non-work trips made by workers living in suburban areas are found to be statistically significantly lower than those made 12 One-way distance or duration is certainly a better and more straightforward measure for commute trips. But for the different non-work trip types, respondents of the trip diary may report combining different trip purposes in one trip (trip chaining), and they may have multiple shopping/recreational/school/friend trips during the trip day. This makes it very hard, if not impossible, to disentangle the one-way trip distance and duration for all their different non-work trip types. Moreover, since we are interested in the impact of telecommuting on travel patterns, total trip distance and duration for each non-work trip type would be better measures than one-way trip distance and duration. 13 Daily total work trips are not included, since their patterns are similar to commute trips. This is not surprising because commute trips are the major parts of daily total work trips for most workers. Also note that the sample in this table includes all workers, not just those who commute or travel via personal vehicles.
by workers living in urbanized area, and these were true for both 2001 and 2009 . But it should be added that the differences in frequencies are too small to denote real lifestyle differences between the two groups.
The Table 3 .
[ Table 3 about here]
Model Results
Workers' One-way Commute Distance and Duration
OLS models
As a starting point, I estimate OLS models to account for differences in workers' demographic characteristics, household socioeconomic and locational attributes and test the importance of telecommuting on workers' commute distance and duration. Models (1) and (2) in Table 4 present OLS results for 2001, while Models (5) and (6) report OLS results for 2009.
[ Table 4 about here]
Of particular interest to this study is the role of a telecommuting status in affecting telecommuting on workers' one-way commute distance and commute duration, the 2001 OLS models show insignificant impacts. As discussed in the previous section, it is possible that an endogeneity problem is associated with the telecommuting variable. In fact, the Wu-Hausman F test, Durbin-Wu-Hausman chi-sq test, and the C or "difference-in-Sargan" test all suggest rejecting the null hypothesis that the specified endogenous regressor (telecommuting in this case)
can actually be treated as exogenous. Therefore, I test Two-Stage Least Square (2SLS) models in the next section to address the endogeneity problem.
Among workers' demographic characteristics, younger workers and male workers consistently reported significantly longer one-way commute distances and commute durations, whereas medical condition was insignificant in all four models. I also consistently find that workers with higher education had significantly longer commute distances and durations. 
2SLS models
Models (3) and (4) in Table 4 present 2SLS results for 2001, while Models (7) and (8) report 2SLS results for 2009. The instruments used in the 2001 2SLS models are "internet use at home" (dummy) and "total number of phones". The instrument used in the 2009 2SLS models is "frequently use internet" (dummy). Since weak or invalid instruments can result in measurement error in the endogenous regressor (see Bound et al. 1995; Hall et al. 1996; Greene 1997; Staiger 14 Similar to 2001 NHTS, the 2009 NHTS also classified the subjects' occupations into five categories in their interview questionnaire: 1) Sales or service; 2) Clerical or administrative support; 3) Manufacturing, construction, maintenance, or farming; 4) Professional, managerial, or technical; 5) Other occupations. Since it is a relatively new dataset, the current version of 2009 NHTS data does not include the occupation variable. As soon as it is available, it will be included in future version of this paper. 15 Simple robustness test comparing the 2001 models with and without the occupation variables reveal that dropping the occupation variables does not affect the coefficient estimates for other variables or model fitness in any significant ways. 16 Based on Model (1)-(4) (using 2001 data) in appendix 2, it appears that workers report the longer commute distance and duration if employed in the categories of "manufacturing, construction, maintenance, or farming" (omitted category in our models) or in the category of "professional, managerial, or technical", while those working in the category of "sales or service" tend to have the shortest commute distance and duration. Comparing the size effect of telecommuting on commute duration versus commute distance, I find that in both years the (positive) effect on commute duration was only one third of 17 As corroboration I also used limited information maximum likelihood (LIML) estimation method in a two-stage context. LIML estimation method usually has better performance than 2SLS when instruments are weak (Stock 2010 
Other Two-Stage Models
Since the endogenous regressor (telecommuting) is binary, the 2SLS model applies a linear probability model in the first stage. A well-known problem of a linear probability model is that its forecasts do not necessarily fall into the (0, l) interval. But nevertheless it has been suggested as a simple alternative specification when endogenous explanatory variables are binary, since 2SLS estimators are usually consistent and computationally attractive (see Heckman and MaCurdy 1985) . Another disadvantage of the linear probability model is that it often suffers heteroscedasticity problem. In fact, the Pagan-Hall test (see Pagan and Hall 1983) 
Worker's Daily Total Work Trips
This paper also investigates worker's daily total work trips as a supplement to the study of their one-way commute trips. This section uses multivariate OLS regression models to test how the status of telecommuting affects workers' one-day total work trip distance, duration, and frequency. [ Table 5 about here]
For all six models, all coefficient estimates of the control variables are consistent with the previous results or the same as expected. Older workers had shorter (in terms of total trip 18 For all three models, when using the predicted probability of telecommuting in the second-stage OLS regression, the standard errors are corrected to ensure accurate inferences on the significance of coefficients. 19 The sample is restricted to workers who only used personal vehicles in these work trips.
distance and duration) and fewer (in terms of trip frequency) daily work trips in both 2001 and 2009. Male workers and highly educated workers consistently had longer (in terms of total trip distance and duration) and more frequent daily work trips. Medical condition had a negative impact on daily total work trips in terms of total trip distance, duration and frequency. Residents of urbanized areas had shorter (in terms of total trip distance and duration) but more frequent daily work trips, compared with suburban residents. MSA size also consistently had a significantly positive impact on daily total work trip distance and duration but a negative impact on frequency. As expected, people had less work trips (in terms of distance, duration and frequency) on weekends.
The variable of interest-the telecommuting dummy variable-had a positive impact on daily total work trips in terms of distance, duration and frequency in both 2001 and 2009. Note that the effects of telecommuting on daily total work trip distance and duration in 2009 were twice as much as in 2001. But the impact on daily work trip frequency decreased significantly over the years. This suggests that telecommuters consistently had more frequent daily work trips than non-telecommuters, but this positive impact of telecommuting on trip frequency has decreased over time. Moreover, the increase in the distance and duration of these work trips has outweighed the decrease in frequency, and therefore, the positive impact of telecommuting on daily total work trip distance and duration has become even larger from 2001 to 2009.
Worker's Daily Non-work Trips
Another important part of this research is to analyze the impact of telecommuting on workers' non-work trips. That is, how do telecommuters' non-work trips differ from those of non-telecommuters. Multivariate regression models are estimated to simultaneously test total trip distance, total trip duration, and total trip frequency of each non-work trip category for each worker in the sample 20 . The same set of variables is used to control for the individual and household socioeconomic characteristics, household locational attributes, etc. In addition, I add a dummy variable to indicate whether the trip day is a weekend. Models (1) and (2) of Table 6 present the multivariate regression results for workers' non-work trips (by trip types) in 2001 and
Only the coefficient estimates (and t-values) for the telecommuting variables are reported
in Table 6 in order to keep the table simple. Detailed regression results are available on request.
[ Table 6 about here]
For both Models (1) and (2), all coefficient estimates of the control variables are consistent with the previous results or the same as expected. Older workers had shorter (in terms of trip distance and duration) and fewer (in terms of trip frequency) trips in almost every trip category.
Male workers consistently had longer (in terms of trip distance and duration) and more frequent "visit friends/relatives" trips and "other social/recreational" trips. Medical condition had a negative impact on almost any non-work trip types in terms of total trip distance, duration and frequency. Highly educated workers had longer (in terms of trip distance and duration) and more frequent "visit friends/relatives" trips and "other social/recreational" trips but had shorter and less frequent "shopping" trips. Living in a larger MSA resulted in longer non-work trip distance and duration, but the frequency of most non-work trip categories was generally unrelated to MSA size. Compared with suburban residents, living in an urbanized area involved shorter trip distance and duration but higher trip frequency for almost all non-work trip types (e.g. shopping trips, visit friends/relatives trips, other social recreational trips). "Weekend" had a negative effect on "medical dental" trips but had a positive effect on almost all other non-work trips (such as shopping trips, other social recreational trips), in terms of trip distance, duration and frequency.
The variable of interest-the telecommuting dummy variable-had a positive impact on a 20 The sample is restricted to workers who only used personal vehicles in these non-work trips.
majority of non-work trip types in terms of trip distance, duration and frequency in 2001 and
2009. This positive impact was (statistically) significant for "shopping" trips and "other family/personal business" trips in 2001, and was (statistically) significant for "shopping" trips, "other family/personal business" trips, and "other social/recreational" trips in 2009. When adding all types of non-work trips together, I find that telecommuting had a significantly positive impact on the worker's daily total non-work trip distance, duration and frequency in both years.
Note that the positive effects of telecommuting on daily total non-work trip distance, duration and frequency have all slightly decreased over the [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] period. This suggests telecommuting is having a weaker (positive) effect on workers' daily total non-work trips over time, as opposed to a stronger effect on daily total work trips over time found in Section 6.2. As a result, although telecommuters have been found to have significantly longer daily total work trips as well as longer total non-work trips than non-telecommuters after holding constant other factors (such as age, gender, place of residence, etc.), the differences in the daily total non-work trips (in all three measures) between telecommuters and non-telecommuters are expected to gradually shrink over time, while the differences in daily total work trips (in terms of distance and duration only, not frequency) are expected to widen.
Conclusions
Based on two large national samples, results from this research shed some light on personal travel patterns and how they changed over the years. The research also highlights how individual and household socioeconomic characteristics and household locational attributes affect people's travel patterns. Most importantly, through a series of empirical tests, this research suggests that telecommuting has been a consistently important factor in shaping personal travel patterns over the 2001-2009 period, and that telecommuting indeed has a complementary effect on not just workers' one-way commute trips but also their daily total work trips and total non-work trips. As expected, these effects are found to be more profound in 2009 than in 2001.
Using instrumental variables to address the endogeneity problem associated with telecommuting, the 2SLS tests (and other two-stage models) show that telecommuters are able to choose lifestyles involving longer one-way commute distances and durations than non-telecommuters, other thing being equal (such as place of residence, age, gender, etc. In addition, I also test the impact of telecommuting on workers' one-day total work trips (including all to/from work trips and all work-related business trips). I find telecommuting had a significantly positive impact on the one-day total work trips in both years, in terms of all three measures (trip distance, duration, and frequency). As for temporal changes, the positive impact of telecommuting on one-day total work trip distance and duration has doubled from 2001 to 2009, while the positive impact on frequency has decreased. These results suggest that telecommuters' lifestyle differs from non-telecommuters in significant ways with respect to their daily total work trips: 1) Holding constant various factors such as age, gender, place of residence, travel mode, etc., telecommuters consistently have more frequent daily work trips than non-telecommuters, although this difference in work trip frequency between the two groups has been falling over the past eight years. 2) Holding constant other factors, telecommuters consistently have longer (distance and duration) daily total work trips than non-telecommuters, and these differences in total work trip distance and duration between the two groups have been enlarging over the past eight years.
This research also examined workers' daily total non-work trips. I find that telecommuting had a significantly positive impact on workers' one-day total non-work trip distance, duration trips and daily total work trips has been somewhat offset by the decrease in daily total non-work trips, and thus a stable "travel budget" has been observed over time for both groups. However, the facts that telecommuters have been found to have longer one-way commute trips, longer and more frequent daily total work trips and total non-work trips than non-telecommuters in both 2001 and 2009 indicate that telecommuters consistently have a significantly larger "travel budget" than non-telecommuters.
Incurring not just longer one-way commute trips but also longer and more frequent daily 21 Note that the trip diary used by NHTS only records respondent's one-day trips. And the day of the trip diary could very possibly not be the day of telecommuting for some telecommuters. Therefore, the day trip data provided in 2001 and 2009 NHTS have the potential to underestimate the impact of telecommuting on the telecommuters' non-work trips. If a dataset containing people's trip diaries that cover a longer period of time was used, we would expect an even larger impact of telecommuting on the workers' non-work trips.
total work trips and total non-work trips, the complementary effect of telecommuting on personal travel is indeed significant. Therefore, telecommuting might not be an effective planning practice or policy to reduce traditional travels. As technological progress continues to unfold and more people become able to telecommute, we may expect the current trend in the increase of travel demand to continue into the future. The hopes of planners and policy makers who expected the promotion of telecommuting programs to substitute for face-to-face interactions and thus reduce traditional travels remains largely unmet. To better plan for cities of the future, more realistic transportation policies should be considered to address the ever-increasing travel demands and remedy the various travel-related problems such as air quality and traffic congestion. At a time of concern over the emissions of greenhouse gases, it appears that telecommuting is not (yet) a simple antidote. Instead, people seem to simply reallocate their travel budgets.
To be sure, the approaches applied in this research have some limitations. First, someone might have concerns on the low R-squared of the models. But it is certainly not out of line for disaggregate travel behavior models. Second, although the robustness test shows that dropping worker's occupation in 2001 models neither significantly changes the model goodness-of-fit nor the coefficient estimates, future research would still be better-off by including this variable when new version of 2009 NHTS is released. Finally, as part of the focus of this study, the causal effect of telecommuting on commute distance is estimated via the instrumental variables method, but nothing can be concluded about the opposite direction of causality-longer commute distance promotes more telecommuting. In future work, I will attempt a real structural equations model in future research, in which each endogenous variable (commute distance and telecommuting) is both a cause and effect of the other. I hope to identify the equations system and provide insights into direct versus total effects, which direction of causality is stronger, and so on. 4. Non-work trips are measured in total trip distance, duration and frequency by trip type for each person in his/her trip day. 5. Trip-day total work trips are the summation of all to/from work trips and work related business trips. 6. Trip-day total nonwork trips are the summation of personal total shopping trips, personal total other family/personal business trips, personal school/church trips, etc. 1. Workers who only work at home (e.g. home-based business) are excluded. 2. Commute trips are measured in terms of one-way commute distance and duration. 3. Total work trips are measured in total trip distance, duration and frequency for each person in his/her trip day. 4. Non-work trips are measured in total trip distance, duration and frequency by trip type for each person in his/her trip day. 5. Trip-day total work trips are the summation of all to/from work trips and work related business trips. 6. Trip-day total nonwork trips are the summation of personal total shopping trips, personal total other family/personal business trips, personal school/church trips, etc. 1. Workers who only work at home (e.g. home-based business) are excluded. 2. Commute trips are measured in terms of one-way commute distance and duration. 3. Non-work trips are measured in total trip distance, duration and frequency by trip type for each person in his/her trip day. 4. Trip-day total nonwork trips are the summation of personal total shopping trips, personal total other family/personal business trips, personal school/church trips, etc. 5. Trip-day total work trips are not included, since their patterns are similar to commute trips. This is not surprising because commute trips are the major parts of daily total work trips for most workers. 6. Urbanized area is defined as having at least 50,000 population, may or may not be in MSA. 7. Suburban area is defined as within MSA but not in urbanized area. 1. Workers who only work at home (e.g. home-based business) are excluded. 2. Commute trips are measured in terms of one-way commute distance and duration. 3. Non-work trips are measured in total trip distance, duration and frequency by trip type for each person in his/her trip day. 4. Trip-day total nonwork trips are the summation of personal total shopping trips, personal total other family/personal business trips, personal school/church trips, etc. 5. Trip-day total work trips are not included, since their patterns are similar to commute trips. This is not surprising because commute trips are the major parts of daily total work trips for most workers. 6. Urbanized area is defined as having at least 50,000 population, may or may not be in MSA. 7. Suburban area is defined as within MSA but not in urbanized area. 8. Rural area is defined as neither in urbanized area nor in MSA. 3. For education dummy variables, "less than high school" will be used as the reference in regressions; 4. For occupation dummy variables, "Manufacturing, Cons., Maintenance, or Farming" will be the reference; 5. For place of residence dummy variables, "residence in suburban area" will be the reference; 6. For MSA size dummy variables, "in an MSA of less than 250,000" will be the reference; 7. The sample includes all workers, not just those who commute by personal vehicles. 2. For education dummy variables, the reference is "less than high school"; 3. For place of residence dummy variables, the reference is "residence in suburban area"; 4. For MSA size dummy variables, the reference is "in an MSA of less than 250,000"; 5. In order to eliminate the endogeneity problem associated with transportation mode, sample is restricted to workers who use personal vehicles for commuting. Workers commuting by public transit or other modes are dropped. (1) and (2) is whether the worker is a telecommuter. 4. To eliminate the endogeneity problem associated with transportation mode, the sample is restricted to workers who used personal vehicles in these non-work trips. 2. For education dummy variables, the reference is "less than high school"; 3. For place of residence dummy variables, the reference is "residence in suburban area"; 4. For MSA size dummy variables, the reference is "in an MSA of less than 250,000"; 5. In order to eliminate the endogeneity problem associated with transportation mode, sample is restricted to workers who use personal vehicles for commuting. Workers commuting by public transit or other modes are dropped.
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